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Abstract

We reported here the unique ability of a Rhodamine 6G-based probe (3) to detect discriminately several targets, including H,
HO™, Cu**, Hg**, Fe’*, Co®*, Cd**, Zn**, Sn**, Ni**, AI**, Pb®*, Ce**and Ag*, by unambiguously colorimetric and fluorimetric
outcomes. In aqueous solutions, the presence of proton induced the ring-opening of rhodamine moiety but the presence of
hydroxide induced the conversion of 2-hydroxyphenyl hydrazone moiety from the non-fluorescent benzenoid form into the
fluorescent quinoid form. The probe could to distinguish between different cations in DMF and to work like an artificial tongue at
molecular level. Several logic gates including OR, INHIBIT and TRANSFER, were performed by the probe. Moreover, the probe
is able to execute three INHIBIT logic gates by two inputs, which was exploited to execute a digital molecular comparator.

Keywords Chemosensoring molecular lab - Multidetection of analytes - Fluorescent probe - Cations - pH - Molecular digital

comparator

Abbreviations

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid

DMF Dimethylformamide

NMR Nuclear magnetic resonance

FT-IR Fourier transform infrared spectroscopy

UV-VIS  Ultraviolet Visible Spectroscopy

Introduction

pH plays an important role in clinical analysis, food produc-
tion, wastewaters treatment procedures, environmental and
life sciences, etc. [1-5]. Several works confirmed the effect
of abnormal pH values on biological processes and its respon-
sibility for many common disease types such as cancer and
Alzheimer’s [6, 7]. Although a potentiometric pH sensor for
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routine measurements is well established, it exhibits many
drawbacks including miniaturization, disposable devices and
work in a strong electromagnetic field [8, 9]. Indeed, fluores-
cence probes succeed to be an alternative in overcoming the
above-mentioned limitations [10—14].

Heavy metal ions are of great concern, not only for the
scientific community, but of also concerning many pollution
aspects due to health problems associated with it [15—-17].
Some metal ions, such as Fe(Ill), Zn(Il), Cu(Il), Co(II), and
Ni(II) are necessary for the survival of humans. However, high
concentrations of these ions can lead to many diseases [18,
19]. Others such as Hg(II), Cd(II), Pb(Il) and Sn(II) are among
the most toxic elements to human because of their higher
affinity to bind to the biomolecules affecting their biological
functions [20-22]. Therefore, the development of selective
and sensitive methods for detecting heavy metal ions is the
focus of the recent research attention [23-25]. There were
many traditional methods for detecting the low concentrations
ofheavy ions, including atomic absorption spectroscopy, plas-
ma atomic emission spectrometry and electrochemical sensing
[26-28]. However, these methods require expensive equip-
ment, time-consuming and laborious procedures carried out
only by highly trained professionals. Alternatively, fluores-
cence detections are very popular because fluorescence mea-
surements are very sensitive, easy to perform, and inexpensive
[29-32]. Furthermore, the photophysical properties of a
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fluorophore can be easily tuned using a range of mechanisms:
charge, electron and energy transfer, the influence of metal
ions, and the destabilization of non-emissive n-7t* excited
states [33-38].

Since the first introduction of molecular scale logic gates
using fluorescent chemosensors, many scientists have focused
on designing molecules able to mimic the modern semicon-
ductor based devices to miniaturize the device size to nano-
scale [39—41]. The research has extended from simple molec-
ular switches to more complex ones which are capable of
executing variety of logic operations including half-adder
[42, 43], full-adder [44], keypad lock [45], half-subtractor
[46], full-subtractor [44], encoder-decoder [47] and digital
comparator [48-51]. Moreover, smart oligonucleotide-based
automatons that can play games such as Tic-Tac-Toe have
been reported [52]. Such logic operations are of valuable in-
terest for applications such as object coding, intelligent mate-
rials, drug delivery and activation, diagnostics or actuation
[53, 54].

To the best of our knowledge, several molecular probes for
testing and distinguishing between several analysts have been
reported [55—61]. To detect only the presence of Cu** by
absorption outcome a Rhodamine 6G/2-
hydroxybenzylideneamino conjugate was reported [62].
Herein, we reported on the ability of this probe (Scheme 1)
to detect several analytes, including H*, HO~, Cu**, Hg*",
Fe’*, Co™, Cd**, Zn™*, Sn™*, Ni**, AP*, Pb>*, Ce**and
Ag*, by unambiguously colorimetric and fluorimetric
outcomes.

Experimental
Materials

Probe 3 was synthesized according to the reported procedure
[62]. Rhodamine 6G, hydrazine monohydrate and 2-
hydroxybenzaldehyde (Aldrich materials) were used as pur-
chased. Used solvents (Aldrich, Fisher Chemical) were pure
or of spectroscopy grade. Zn(NOs),, Cu(NO3),, Ni(NOs),,

1 )
HN O ) O NH
N—-N
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o
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Rhodamine 6G - 2-hydroxybenzylideneamino

(3)
Scheme 1 Rhodamine 6G based probe 3
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Co(NO3),, Pb(NO3),, Fe(NO3)3, Hg(NO3),, AI(NO3)s,
Cd(NOs),, AgNOs3, CeCl; and SnCl, salts were the sources
for metal cations (all Aldrich salts at p.a. grade).

Methods

FT-IR spectra were recorded on a Varian Scimitar 1000 spec-
trometer. The NMR spectra (chemical shifts are given as § in
ppm) were recorded on a Bruker DRX-250 spectrometer op-
erating at 250.13 MHz. The UV-VIS absorption spectra were
recorded on a spectrophotometer Hewlett Packard 8452A.
The fluorescence spectra were taken on a Scinco FS-2 spec-
trofluorimeter. All the experiments were performed at room
temperature (25.0°C). For all spectroscopic analysis a 1 x
1 cm quartz cuvette are used. To adjust the pH, very small
volumes of hydrochloric acid and sodium hydroxide are used.
The effect of the metal cations upon the fluorescence intensity
was examined by adding portions of the metal cations stock
solution to a known volume of the fluorophore solution
(3 mL). The addition was limited to 100 uL so that dilution
remains insignificant.

Synthesis
Synthesis of Rhodamine 6G hydrazide (2)

To a solution of Rhodamine 6G 1 (2.4 g, 5 mmol) in 40 mL of
absolute ethyl alcohol, 1.46 mL of hydrazine monohydrate
(30 mmol, d=1.032) was added dropwise at room tempera-
ture over a period of 30 min. The resulting solution was stirred
at reflux for 5 h. After cooling to room temperature the solid
precipitated was filtered off, washed with water and dried to
give 1.91 g (89%) of 2 as pale pink crystals (R;=0.57 in a
solvent system toluene/ethylacetate/ethanol = 10:2.5:1). IR
(KBr) cm 3280, 3204 (vNH and vNH,); 2920, 2810
(vCH); 1662 (vC=0); 1600, 1568 and 1496 (vArCH=). 'H
NMR (CDCls-d, 250.13 MHz) ppm: 7.96 (m, 1H, 9-Ph H-3);
7.45 (m, 2H, 9-Ph H-4 and 9-Ph H-5); 7.06 (m, 1H, 9-Ph H-6);
6.39 (s, 2H, Rhodamine H-4 and H-5); 6.26 (s, 2H,
Rhodamine H-1 and H-8); 3.58 (s, 2H, NH,); 3.52 (br.s, 2H,
2xNH); 3.21(q, 4H, J=3.5 Hz, 2 x CH,CH3); 1.92 (s, 6H, 2
x Ar-CH3); 1.32 (t, 6H, J=7.1 Hz, 2 x CH,CHs;). Elemental
analysis: Calculated for C,cH,sN4O, (MW 428.53) C 72.87,
H 6.59, N 13.07%; Found C 73.23, H 6.38, N 12.82%.

Synthesis of probe 3

To a solution of Rhodamine 6G hydrazide 2 (1.92 g, 4.5 mmol)
in 120 mL of ethanol/dichloromethane (1:3, v/v), 5 equiva-
lents of salicylic aldehyde (2.75 g, 22.5 mmol) was added.
After the addition, the mixture refluxed in an oil bath with
stirring for 12 h. Then the solvent was removed in vacuum.
The residue was washed by ethanol (5 x 30 mL) and dried to
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afford 2.06 g (86%) of probe 3 (m.p. 288-90 °C; Ry=0.89 in
petroleum ether:ethyl acetate = 1:2). IR (KBr) cm ' 3342
(vOH); 3264 (vNH); 2916, 2804 (vCH); 1666 (vC=0);
1598, 1564 and 1502 (vArCH=). 'H NMR (CDCl;-d,
250.13 MHz) ppm: 10.78 (s, 1H, OH); 9.08 (s, 1H, N=CH);
7.98 (m, 1H, 9-Ph H-3); 7.48 (m, 2H, 9-Ph H-4 and 9-Ph H-5);
7.10 (m, 1H, 9-Ph H-6); 7.02 (m, 1H, Ph-H); 6.94 (d, 1H, J=
5.8 Hz, Ph-H); 6.80 (d, 1H, J=6.0 Hz, Ph-H); 6.69 (dd, 1H,
J=5.8 Hz, J=6.0 Hz, Ph-H); 6.40 (s, 2H, Rhodamine H-4
and H-5); 6.29 (s, 2H, Rhodamine H-1 and H-8); 3.46 (br.s,
2H, 2 xNH); 3.19 (q, 4H, J=3.6 Hz, 2 x CH,CHj3); 1.91 (s,
6H, 2 x Ar-CHs;); 1.30 (t, 6H, J=7.1 Hz, 2 x CH,CHj;).
Elemental analysis: Calculated for C33H;,N40; (MW
532.63) C 74.41, H 6.06, N 10.52%; Found C 74.16, H
5.98,N 10.71%.

Results and discussion

Synthesis of the intermediate Rhodamine 6G
hydrazide (2)

The intermediate Rhodamine 6G hydrazide (2) was prepared
as we described before (Scheme 2) after condensation of
Rhodamine 6G with hydrazine monohydrate [10, 63].

Synthesis of the probe Rhodamine 6G -
2-hydroxybenzylideneamino (3)

Probe 3 was synthesized by conversion of intermediate 2 into
the desired Rhodamine 6G - 2-hydroxybenzylideneamino
conjugate (3) by reaction with 2-hydroxybenzaldehyde in
ethanol/dichloromethane medium (Scheme 3).

Influence of pH on the photophysical characteristics
of probe 3

The photophysical characteristics of the probe were examined
in water/DMF (1:4, v/v) solution. We began the pH titration
from low pH to assert the presence of rhodamine in the

Scheme 2 Synthesis of the
intermediate Rhodamine 6G
hydrazide (2)

Rhodamine 6G

(1

-
HN @]
L

fluorescent ring-opening form. As is shown in Fig. 1, at the
start of the titration (pH 1.79), the probe exhibited three ab-
sorption bands. They are centered at: (i) 534 nm (£=8.1 x
10* L'mol "-cm™ ), that is characteristic of the rhodamine
moiety in the ring-opening form; (ii) 340 nm (£=1.8 x
10 L-mol "-cm™!) that is characteristic of the 2-
hydroxyphenyl hydrazone moiety (the benzenoid form); (iii)
295 nm (=3 x 10* L'mol "-cm ") caused by the rhodamine
moiety.

By increasing the pH, the absorption at 534 nm was de-
creasing sharply until pH =~ 5 and then became nearly constant
(€=7x10° L'mol "-cm ') unaffected by further increasing in
the pH. This phenomenon is attributed to the conversion of
rhodamine moiety from the ring-opening form to the
spirolactam form (Scheme 4R1). In the same time, in increas-
ing the pH, the absorption centered at 340 nm shifted to
386 nm with an isosbestic point at 360 nm. This shift was well
pronounced after pH =8 and attributed to the conversion of
the 2-hydroxyphenyl hydrazone moiety from the benzenoid
form (340 nm) to the induced by OH deprotonation quinoid
form (386 nm).

From the absorption changes at 534 nm and 386 nm, the
titration curves were obtained Fig. 1 (Insets A and B). The
analysis of the titration curves according to Eq. (1) gave the
pK, values of 9.92 and 3.64 corresponding to the conversion
of the 2-hydroxyphenyl hydrazone moiety (from benzenoid to
quinoid form) and the rhodamine moiety (from ring-opened to
ring-closed form), respectively (Table 1).

([maxfl)

H = pK, +1
pH = pKq +log =7 —

(1)
Where I, and I,,,;, are the maximum and minimum absor-
bance, respectively, and / is the absorbance at the correspond-
ing pH value.

On the other hand, as is illustrated in Fig. 2a, at pH~ 1.8
after excitation at 510 nm, the probe exhibited an emission
centered at 560 nm attributed to the fluorescent ring-opened
form of the thodamine moiety. With the increasing of pH the
fluorescence intensity decreased significantly and reached the
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minimum at pH =5, then became constant unaffected by fur-
ther increasing the pH. After excitation at 400 nm (Fig. 2b) the
probe exhibited emission centered at 560 nm (pH ~ 1.8) as-
cribed to the ring-opened form of the rhodamine moiety. With
the increasing of pH, the fluorescence emission at 560 nm
decreased and reached the minimum at near pH~=5. In the
same time, there was an emission at 510 nm appeared after
pH = 8 that was increasing by increasing pH.

From the titration plot of the fluorescence emission at
560 nm, after excitation at 510 nm, against pH (Inset of
Fig. 2a) and according to Eq. (2), the pK, value of the rhoda-
mine conversion from the ring-opened to spirolactam form is
3.44 (Table 1). For the fluorescence emission at 560 nm, after
excitation at 400 nm, the same pK, value (3.44) was obtained
(Inset of Fig. 2b).

(F max— F )
H = pK, + log———— 2
pH = pKa+log=p 70— (2)
Where F,.« and F,,;, are the maximum and minimum fluo-
rescence intensity, respectively, and F is the fluorescence in-

tensity at the corresponding pH value.
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Fig. 1 Effect of pH on the absorption spectrum of probe 3 (C=
107> mol L', DMF:distilled water =1:4, v/v). Insets a and b represents
the absorbance at 534 nm and 386 nm, respectively
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Similarly, the pK, value of the conversion of 2-
hydroxyphenyl hydrazone (from the benzenoid to quinoid
form) was found to be 9.64 (Table 1) using the titration plot
of the fluorescence emission at 510 nm, after the excitation at
400 nm (Inset of Fig. 2b).

Influence of cations on the photophysical
characteristics of probe 3

The signal-reporting properties of the rhodamine 6G/
salicylaldehyde hydrazone conjugate have been reported re-
garding the selectivity to Cu®* in ethanol:water (1: 1, v / v),
however, only in an absorption mode [62]. Many features
make fluorescence one of the most powerful transduction
mechanisms to report the chemical recognition event. In the
fluorescence technique, the sensitivity is high that allow even
the detection of single molecules. It is possible to perform
remote monitoring, different assays can be designed based
on different aspects of the fluorescence output (lifetime, inten-
sity, anisotropy and energy transfer), and additionally, laser
fiber optics and detection technologies are well-established
[64-68]. So that, in the present work, we investigated the
sensory behavior of probe 3 in pure organic solvent, such as
DMF, where the probe can work by fluorescence mechanism
detecting cations.

The signaling fluorescent properties of probe 3 toward
wide range of representative metal ions (Cu®*, Hg**, Fe’*,
Co*, Cd*, Zn**, Sn**, Ni**, Ce®*, AP, Ag"™ and Pb**) were
studied in DMF. To provide a neutral environment in which
the 2-hydroxyphenyl hydrazone and rhodamine units in probe
3 are in their “off state” and the cation recognition by both
moieties will not be feasible under such conditions, experi-
ments were conducted in buffered solutions (1 mmol
HEPES, pH=7.2).

As is shown in Fig. 3, several cations including Cu*, Hg?*,
Co*, Zn** and Fe’* affected significantly the absorption
spectrum of the probe in DMF. The presence of Cu®* led to
appearance of two absorption bands centered at 534 nm (€=
4.7%x10* L'mol "em™!) and at 412 nm (€=2.1x 10* L-
mol em ™).

The effect of Cu®* is due to the coordination of the metal
ion with the 2-hydroxyphenyl hydrazone moiety of the probe
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Scheme 4 Transformation of probe 3 as a function of pH

that induces its conversion to the responsible for the absorp-
tion band at 412 nm quinoid form. Transforming of the 2-
hydroxyphenyl unit from a benzenoid of a quinoid form pro-
vokes intramolecular protonation of the rhodamine moiety
that induces its conversion to the ring-opened form, responsi-
ble for the absorption band at 534 nm (Scheme SR1).

Surprisingly, Hg** and Fe’* caused only the appearance of
absorption bands centered at 534 nm (€= 1.6 x 10* L-mol -
em ') and 532 nm (€=7 x 10> L'mol "-cm ™), respectively.
The effect by Hg** and Fe®* can be ascribed to the coordina-
tion of these cations with the probe inducing only the ring-
opening of the rhodamine moiety [69—71]. Contrariwise, Co**
and Zn**caused the appearance of only one new absorption
band centered at 412 nm (€= 5.5 x 10> L-mol "-cm™ ") because
of the coordination with 2-hydroxyphenyl hydrazone moiety,
thus inducing only its conversion to quinoid form without
opening of the rhodamine moiety.

Emission spectrum of probe 3 exhibited a week fluores-
cence emission at 535 nm due to the partial conversion of 2-
hydroxyphenyl hydrazone moiety to quinoid form induced by
DMF molecules. Among the tested metal ions, after excitation
at 510 nm only Hg”" affected vastly the probe fluorescence
spectrum) Fig. 4a). Hg*" enhanced the fluorescence emission
at 560 nm by 9520%. In contrast, after excitation at 400 nm,
the emission spectrum was affected significantly by most of
the cations, including Hg?*, Sn**, Fe**, Cu**, Co®* Ni**,
Cd**and Zn** (Fig. 4b).

Hg”* Sn** and Fe’* blue-shifted the fluorescence emission
at 535 nm to 515 nm decreasing it by 56%, 59% and 18%,
respectively. Concomitantly a new emission at 560 nm ap-
peared because of energy transfer from 2-hydroxyphenyl
hydrazone moiety to rhodamine moiety after the coordination

Table 1 pK, values of the different conversions of probe 3 because of
the pH change
Absorbance Emission
534 nm 386 nm 510 nm (A, 560 nm (A,
400 nm) 510 nm)
Rhodamine 3.64 3.44 3.44
conversion
Salicylaldehyde - 9.92 9.64 -
conversion

oH o} NH HN
o T T T
O}
T OS0T O ”_”%”
(0] o B
HO eO

¢ C

of metal ions with rhodamine moiety thus inducing conver-
sion of the latter to its fluorescent form that absorption spec-
trum confirmed. The fluorescence emission at 560 nm ob-
served in the case of Hg?* was the highest and due to the
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Fig. 2 Effect of pH on the fluorescence emission of probe 3 (C=
107> mol L', DMF:distilled water =1:4, v/v) after excitation at a
510 nm and b 400 nm. Inset of Fig. 2a: Titration plot of the emission at

560 nm. Insets of Fig. 2b: Titration plots of the emissions at 560 nm and
510 nm
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Fig.3 Effect of metal cations (five equivalent, C=2.5 x 10 *mol Lfl) on
the absorption spectrum of probe 3 in DMF solution

two factors: (i) the strongest coordination between rhodamine
and Hg>* as was confirmed by the highest rhodamine absorp-
tion of the complex, and (ii) the paramagnetic properties of
Fe®* and Sn”* that cause unspecific fluorescence quenching
by energy or electron transfer [72]. Sn** detection was dis-
criminative by its higher relative quantum yield that is 16.8
times higher than Hg** and 25.4 times higher than Fe**. The
observed fluorescence emission at 560 nm, although there was
no absorption at 530 nm, in the case of Sn®* means that the
coordination was in the excited state and not in the ground
state [73-76].

Due to their paramagnetic properties Cu>*, Co>* and Ni**
exhibited discriminative effect quenching the emission of 2-
hydroxyphenyl hydrazine unit [72, 77]. Zn** and Cd** caused
only enhancement of the fluorescence emission of 2-
hydroxyphenyl hydrazone moiety. However, the quantum
yield in the case of Cd** was 3.6 times higher than that of
Zn**. This means that the coordination between Cd** and the
quinoid form of 2-hydroxyphenyl hydrazone was more effi-
cient in the excited state than in the ground state.

The interesting absorption and emission behavior of probe
3 in the presence of Hg>" was a reason to investigate the

HN O 0] O NH
B ——
Sy
(0]
HCo
Scheme 5 Conversion of probe 3 provoked by Cu**
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Fig. 4 Effect of cations (five equivalent, C=2. 5% 10~* mol L', DMF)
on the emission spectrum of probe 3 (C =5 x 10> mol L™!, DMF) after
the excitation a at 510 nm and b at 400 nm

interfering influence of a wide range of representative metal
ions. Figure 5a illustrates the influence of the interfering cat-
ions on the absorption response by the probe towards Hg”*.
As can be seen, except Cu?* and Fe**, all cations under study
decreased absorbance at 534 nm. The most obvious decrease
in the absorbance of the probe at 534 nm was recorded in the
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Fig. 5 Effect of interfering cations (five equivalent, C=2.5 x
10~* mol L™", DMF) on the a absorption spectrum and b absorbance at
534 nm and 412 nm of probe 3 (C=5 x 10 mol Lfl, DMF) respond
towards Hg2+ (five equivalent, C=2.5 x 10* mol L7}, DMF)

presence of Ce** (99%), AI’* (87%) and Sn** (81%). The
competition of the interfering metal ions with Hg** and their
ability to replace the latter from its complex with the probe
ascribes the decrease of the absorbance. As a result, these
cations induced neither the ring-opening of rhodamine nor
the conversion of salicylaldehyde hydrazone to the quinoid
form. Also, as it is clear from Fig. 5, the presence of cu**
increased the absorbance at 534 nm in addition to the appear-
ance of a new absorption band centered at 412 nm (€=2 X
10* L'mol "-ecm™"). However, the presence of Fe** only en-
hanced vastly the absorbance at 534 nm. The effect by Cu**
and Fe** is due to their ability to replace Hg** from its com-
plex with the probe. In addition, while Cu®* is able to induce

Fig. 6 Effect of interfering cations (five equivalent, C=2.5 x
10™* mol L™, DMF) on a fluorescence emission spectrum and b
fluorescence emission at 560 nm after the excitation at 510 nm of probe
3 (C=5x10"° mol L™", DMF) respond towards Hg>* (five equivalent,
C=2.5x10"*mol L', DMF)

the both ring-opening of rhodamine and conversion of 2-
hydroxyphenyl hydrazone to the quinoid form, Fe** is only
capable of inducing the ring-opening of rhodamine.

Figure 6 demonstrates the influence of the interfering cat-
ions on the response of the probe towards Hg”* in a fluores-
cence mode. All the interfering cations under study, except
Sn**, quenched the fluorescence emission at 560 nm after
the excitation at 510 nm. The most obvious quenching was
by Cu** (99.9%), Ce®* (97%), Fe** (92%) and AP* (72%).
These cations replaced Hg** from its complex with the probe,
which was accompanied with the quenching of the fluores-
cence emission.

The presence of Sn** not only increased the fluorescence
emission of rhodamine moiety but also increased its quantum

@ Springer
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Table 2 Scheme for detecting of cations by probe 3 in DMF
Analyte Absorption Emission
A 412 nm A 534 nm Excitation at 400 nm  Excitation at
510 nm
F535nm F 560 nm F 560 nm
w1 1 ! !
Hg™* 1 ! 1 1
Fe'* 1 ! 1 1
Co™ 1 l l
cd** 1 1
2 1 1
Sn** 1 1
Ni** 1 ! l

1 and | demonstrate increase and decrease in the signal, respectively

yield. Using Eq. (3), the ratio between the quantum yield of
fluorescence emission by rhodamine moiety in the presence of
Hg”* before (@) and after (@) addition of Sn** can be cal-
culated from (@,/®; =S,/S; x A1/A,). A and A, are the ab-
sorbance at 534 nm before and after the addition of Sn*,
respectively, and S; and S, are the integrated band area of
the emission at 560 nm before and after the addition of Sn**,
respectively. The calculated value of 5.7 for @,/@; means that
the quantum yield of the probe—Hg”* complex increased prac-
tically six times by adding Sn*".
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Fig.7 The unique effect of Cu**, Hg”*, Fe**, Co®*, Cd**, Zn**, Sn** and
Ni** on the probes 3 signaling properties which could be recognized as a
fingerprint of each analyte
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Fig. 8 The changes in the a absorbance at 534 nm and 412 nm and b
emission at 560 nm (A, = 510 nm) of the probe (C =5 x 10 mol L) in
the presence of Cu* (C=2.5x10"* mol L™") and Hg** (C=2.5 x
10~* mol L") as chemical inputs

Where, @ is the quantum yield of the reference compound,
Aref.’ Sref., Tref. and Asample» Ssample’ T)sample> represent the absor-
bance at the exited wavelength, the integrated emission band

Table 3  The truth table for logic behavior of probe 3 using Hg** and
Cu?* as inputs

Input1 Input2 Outputl Output 2 Output 3

Cu** ng+ Asz4om  A412m F 560 nm

0 0 0 0 0

0 1 1 0 1

1 0 1 1 0

1 1 1 1 0

Logic Gate: OR TRANSFER (Cu**)  INHIBIT (Hg*")
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412 nm and ¢ emission at 560 nm (¢ =510 nm) of probe 3 (C=5 x
107> mol L™ in the presence of Co** (C=2.5 x 10 * mol L") and Hg**
(C=2.5%10"*mol L") as chemical inputs

area and the solvent refractive index of the reference and the
sample, respectively.

After excitation at 400 nm, the interfering cations exhibited
influence similar to that observed after excitation at 510 nm, as
the Sn** ion enhanced the fluorescence emission even more.
The observed effect of Sn®* as an interfering cation is due to
its displacement of Hg2+ from its complex and as we men-
tioned above, Sn** coordinates with the probe in the excited
state inducing the conversion of both 2-hydroxyphenyl and
rhodamine moieties into their fluorescent forms.

From above, the present probe 3 could discriminatively to
detect several cations. The increase of the absorptions in aque-
ous solutions means that the present analyte is Cu®*. The other
cations can be detected in DMF: the increase in the absorption
at 534 nm and the emission at 560 nm after excitation at
510 nm means that the analyte is Hg”*; the increase of the
absorption at 534 nm and the fluorescence intensity at 560 nm
(Aex. =400 nm and A, =510 nm) means the analyte is Fe3*;
the increase in the fluorescence emission at 535 nm (Ao =
400 nm) with increase in the absorption at 412 nm means the
analyte is Zn>*, but when there is no increase in the absorption
means that the analyte is Cd**; the fluorescence quenching at
535 nm (A\ex, = 400 nm) means the analye is Ni®*; the emission
enhancement at 560 nm ()., =400 nm) without increase in
the absorption at 534 nm means the analyte is Sn”* (Table 2).

In fact, the presented in Table 2 results reveal that probe 3
works like an artificial tongue at molecular level. In the artifi-
cial tongues, there is no need for selective interactions be-
tween the probe and analytes. In these systems, the different
analytes give rise to unique variety of the probe signal outputs
and each analyte could be recognized as a fingerprint for iden-
tification [78]. As can been seen from Table 2 and Fig. 7 the
presence Cu®*, Hg**, Fe**, Co?*, Cd**, Zn>*, Sn®* or Ni**
leads to unique changes in the five signaling outputs of 3.

Table 4 The truth table for logic behavior of probe 3 using Hg** and
Co?* as inputs

Input 1 Input2 Output 1 Output 2 Output 3
Co™  Hg™ A 534 nm A 412 nm F 560 nm

0 0 0 0 0

0 1 1 0 1

1 0 0 1 0

1 1 0 0 0

Logic Gate: INHIBIT (Hg**) INHIBIT (Co**) INHIBIT (Hg*")
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Logic behavior of probe 3

From Fig. 8, firstly, the probe alone (C=5x 10> mol L™,
DMF) exhibited a low output (coded as binary 0) for the
absorptions at 534 nm and 412 nm and the fluorescence emis-
sion at 560 nm (A =510 nm). Secondly, the presence of
Hg”* as a chemical input (C=2.5 x 10 mol L', DMF) gave
a high output (coded as binary 1) for the absorbance at 534 nm
and the fluorescence emission at 560 nm and a low output for
the absorbance at 412 nm. The presence of Cu®* (C=2.5 x

10~* mol L™!, DMF) alone led to a high output of the absorp-
tions at 534 nm and 412 nm and a low output for the fluores-
cence emission at 560. Finally, the presence of Cu®* together
with Hg** quenched the fluorescence emission induced by
Hg”* and the fluorescence output became low. However, the

a

Absorbance at 534 nm

Probe Hg(2+) Sn(2+) Hg(2+) + Sn(2+)

Input

o

12000 —

10000 —

8000 —

6000

4000 —

2000 —

Emission at 560 nm (A.U.)

Probe

Hg(2+)
Input

Sn(2+) Hg(2+) + Sn(2+)

Fig. 10 The changes in the a absorbance at 534 nm and b emission at
560 nm (Aex. =510 nm) of probe 3 (C=5 x 10> mol L") in the presence
of Sn?* (C=2.5%10"* mol L") and Hg>* (C=2.5x10"* mol L") as
chemical inputs

@ Springer

Table 5 The truth table for logic behavior of probe 3 using Hg** and
Sn** as inputs
Input 1 Input 2 Output 1 Output 3
SH2+ Hg2+ A 534 nm F560 nm
0 0 0 0
1 0 0 0
0 1 1 1
1 1 0 1
Logic Gate: INHIBIT (Hg*") TRANSFER (Hg*")

absorbance at 534 nm and 412 nm were high outputs. The
behavior of the probe at the absorptions of 534 nm and
412 nm as well as the fluorescence emission at 560 nm
(Aex. =510 nm) mimics OR, TRANSFER (Cu**) and
INHIBIT (Hg>") logic gates, respectively, in the presence of
Hg?* and Cu** as inputs in DMF (Table 3).

Figure 9 illustrates absorption behavior of probe 3 at
534 nm and 412 nm as well as emission behavior at 560 nm
(Aex. =510 nm) in the presence of all variations of Hg2+ and
Co?* with the probe. Absorption at 534 nm and emission at
560 nm became high only in the presence of Hg”* alone, while
only Co”* alone changed the absorption at 412 nm to high.
Described behavior of probe 3 in absorption and emission
mode mimics INHIBIT logic gates in the presence of Hg**
and Co”" as inputs (Table 4). The system that mimics three
INHIBIT outputs with two inputs can execute a comparator
logic function. The presence of at least one high output means
that the two inputs are different and the presence of two high
outputs means the presence of a certain input (here is Hg*").

Figure 10 reflects the behavior of the probes in the presence
of Hg** and/or Sn**. The absorbance of the probe at 534 nm
was high only in the presence of Hg>* alone, but the emission
at 560 nm (A\ex. = 510 nm) became high only in the presence of
Hg?*, whether it was alone or was mixed with Sn**. The
absorption (534 nm) and emission (560 nm) behavior of the
probe in the presence of Hg** and Sn** as chemical inputs
mimics INHIBIT (Hg**) and TRANSFER (Hg>") logic gates,
respectively (Table 5).

Conclusions

We could here to exploit a single probe (probe 3) to detect
several analysts, including H, HO ™, Cu?**, Hg**, Fe**, Co™",
Cd**, Zn**, Sn**, Ni**, APP*, Pb**, Ce**and Ag*, by unam-
biguously colorimetric and fluorimetric outcomes. In aqueous
solutions, probe 3 exhibited different responses at low pH
(presence of H") and basic pH (presence of HO"). At low
pH, probe 3 exhibited an absorption centered at 534 nm and
a fluorescence emission centered at 560 nm, which are char-
acteristic of the ring-opened form of the rhodamine moiety.
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However, at high pH the absorption and emission of rhoda-
mine moiety disappeared because of its presence in the non-
fluorescent spirolactm form and in the same time, a new ab-
sorption centered at 386 nm and fluorescence emission cen-
tered at 510 nm (A, =400 nm), which are characterized of the
quinoid form of 2-hydroxyphenyl hydrazone moiety. The
probe could to distinguish between different cations and to
work like an artificial tongue at molecular level. Working in
pure DMF probe 3 is able to detect discriminatively several
cation, including Cu?*, Hg**, Fe**, Co?**, Cd**, Zn>*, Sn**
and Ni**, thus providing chemosensoring molecular lab. The
different colorimetric and fluorimetric outcomes observed by
various cations are due to the different mechanisms of the
coordination in addition to the different effects of the various
cations on the complex fluorescence emission. Several logic
gates including OR, INHIBIT and TRANSFER were per-
formed by the probe. Moreover the probe executed three
INHIBIT logic gates by two inputs, which was exploited to
execute a digital molecular comparator.
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